[1] We use a high-resolution numerical model to examine the forcing mechanism responsible for Kuroshio intrusion into the South China Sea (SCS). The collective wisdom is that variations in Kuroshio intrusion are closely related to the wind, inside or outside the SCS. A series of experiments was performed to identify the wind-related forcing regulating the intrusion. The experiments demonstrated that the importance of wind inside the SCS is greater than that outside the SCS. Furthermore, the northwestward Ekman drift due to northeasterly wind in winter intensifies the upstream Kuroshio in the Luzon Strait, enhancing the Kuroshio intrusion into the SCS. In particular, the wind stress curl (WSC) off southwest Taiwan is chiefly responsible for the Kuroshio intrusion. Both the WSC and intrusion show both seasonal and intraseasonal variation. As the negative WSC off southwest Taiwan becomes stronger, it contributes to anticyclonic circulation. The enhanced anticyclonic circulation helps the development of the Kuroshio intrusion. The consistency between WSC variability and the intrusion suggests that the WSC off southwest Taiwan is essential to the Kuroshio intrusion variability.
Introduction
[2] Luzon Strait is a gap in the western boundary of the North Pacific Ocean. The northward-flowing Kuroshio tends to loop within the Luzon Strait before continuing northward off east Taiwan [e.g., Shaw, 1991; Qu et al., 2000] . Based on satellite data and numerical model output, Nan et al. [2011] demonstrated that the Kuroshio intrusion has three typical paths: looping, leaking, and leaping. Various observations have shown that the degree of the loop (or the Kuroshio intrusion) varies seasonally [e.g., Centurioni et al., 2004; Liang et al., 2008] . In general, the Kuroshio tends to bypass the Luzon Strait in summer without significant westward encroachment. In winter, the Kuroshio often makes a larger meander, and the intrusion is not confined within the Luzon Strait but penetrates into the South China Sea (SCS). For example, based on hydrographic data, Shaw [1991] suggested that Kuroshio intrusion water can reach west of 117 E along the continental slope in winter, but most of the intrusion water is restricted to the area farther east in summer. During the period of 1989$2002, drifters were found to enter the SCS between October and December, whereas no drifters were found inside the SCS between July and September [Centurioni et al., 2004] .
[3] The Kuroshio encroachment does not occur within the entire Luzon Strait. The largest westward intrusion occurs at the Balintang Channel and the south of Babuyan Island [Liang et al., 2003; Centurioni et al., 2004] . The mechanism leading to Kuroshio intrusion into the SCS has drawn considerable attention. Based on observations, Farris and Wimbush [1996] demonstrated that local winds directly affect the Kuroshio intrusion, and the time-integrated wind stress in the Luzon Strait dominates the expansion of the Kuroshio loop. Numerical experiments by Metzger and Hurlburt [1996] attributed the seasonal variation in Luzon Strait transport to the pileup of waters by monsoon winds both inside and outside the SCS. Jia and Chassignet [2011] also confirmed the significance of the local winds and further quantified their effects. They found that when the integrated Ekman transport exceeds 2 Â 10 12 m 3 (roughly the volume of an eddy), the Kuroshio loop expands, and an eddyshedding event occurs within one month [Jia and Chassignet, 2011] . Hsin et al. [2012] conducted a series of elimination experiments to assess the relative importance of open-ocean inflow/outflow, wind stress, and surface heat flux in the regulation of Luzon Strait transport and its seasonality. Their analysis showed that the monsoon wind is the dominant driving mechanism regulating the strength of upper-ocean Luzon Strait transport.
[4] Metzger and Hurlburt [2001b] suggested that the stronger negative wind stress curl in the northern Luzon Strait increases Ekman pumping, deepening the thermocline and enhancing the westward Kuroshio intrusion. Based on an idealized model, Sheremet [2001] concluded that the intensity of the upstream flow (the Kuroshio off east Luzon) determines whether the current can intrude into a gap. Qu [2000] suggested that the degree of Kuroshio intrusion could be associated with the meridional pressure gradient across the Luzon Strait. Liang et al. [2008] further noted this meridional pressure gradient can be attributed to the local wind stress curl west of Luzon Island. However, Metzger and Hurlburt [2001a] demonstrated that small changes in the island and coastline representation in the Luzon Strait can have a large influence on the intrusive pathway of the Kuroshio.
[5] In summary, most of these studies have noted that variation in the Kuroshio intrusion is closely related to the wind. However, it is still unclear whether the wind or wind curl is the more important factor. Additionally, it is unclear whether winds inside or outside the SCS (or both) are the dominant forcing for the intrusion. To answer these questions, we performed several model experiments. Results based on a nested three-dimensional, primitive-equation numerical ocean model were analyzed to describe the varying degree of the Kuroshio intrusion. With finer model grids, refined topography representation, and improved temporal resolution in atmospheric forcing, our work elucidates a reasonable mechanism for the westward intrusion. Section 2 describes the observation-validated model. Section 3 uses a series of model experiments to identify the wind-related forcing regulating the Kuroshio intrusion. Section 4 presents a discussion of the temporal variability in the wind stress curl and its effect on the intrusion. Concluding remarks are given in Section 5.
Model Description
[6] The Seas Around Taiwan (SAT) model used in this study is based on the sigma-coordinate Princeton Ocean Model (POM) [Mellor, 2004] . On the basis of hydrostatic approximation, this model solves three-dimensional primitive equations for the momentum, salt, and heat, and evaluates turbulence by the level 2.5 Mellor-Yamada scheme. Figure 1 [Wu and Hsin, 2005] and variations of the Kuroshio east of Taiwan and around Luzon Strait [Hsin et al., 2008 [Hsin et al., , 2010 [Hsin et al., , 2012 Sheu et al., 2010] .
[7] The SAT model forced by QuikSCAT/NCEP blended wind product (http://dss.ucar.edu) has been used to investigate the spatiotemporal variability of the cold dome off northeastern Taiwan . The validations and more detailed descriptions of the SAT model are given in Wu et al. [2008] . To reach the purpose of this study, the SAT model is spun up for 500 days, and then driven by the 6-hourly 0.5 Â 0.5 QuikSCAT/NCEP blended wind product from 1 January 2000 to 31 December 2001. We choose this period because there are two subsurface moorings deployed in the vicinity during the time span, and the two-year model outputs are adopted for later analysis. Several model experiments were performed from the same initial state using the SAT model, but with different wind-forcing domain and intensity. All model experiments are summarized in Table 1 . Experiments 1 and 2 were executed for the same period as CTL. Data from these three experiments during the period April 2000$December 2001 were used for subsequent discussion. To clarify the relative importance of wind stress and its curl in the Kuroshio intrusion, five additional experiments, W1, W2, W3, C1, and C2, forced by simplified artificial wind fields were performed. These five experiments were run for 500 days, and data averaged over the final 300 days was used for further analysis. Figure 2b shows a typical summer regime. In summer, the southwest monsoon often prevails over the Luzon Strait. After leaving the northern tip of Luzon Island, the northward-flowing Kuroshio enters the vicinity of the Luzon Strait. In the strait, the northward component overwhelms the westward component of the Kuroshio, indicating a relatively straight path. Then, the intrusion is confined within the Luzon Strait east of 120 E. Most of the Kuroshio waters return to the east and continue to flow northward along the east coast of Taiwan. However, the Kuroshio intrusion reaches farthest in winter, extending to 117 E ( Figure 2c ). Hydrographic data analyses [Shaw, 1989 [Shaw, , 1991 lend further support to this picture: intrusive Pacific water can be found west of 117 E in winter but farther east in summer. Long-term observations from both surface drifter trajectories [Centurioni et al., 2004] and shipboard Acoustic Doppler Current Profiler (ADCP) velocity composites [Liang et al., 2003] have also confirmed the existence of a Kuroshio meander across the Luzon Strait.
[9] Concurrent geostrophic velocities derived from satellite altimeter sea level anomalies of AVISO (Archiving, Validation, and Interpretation of Satellite Oceanographic data; http://www.aviso.oceanobs.com) plus mean dynamic topography calculated from altimetry and a geoid model [Rio et al., 2009] were analyzed to further validate the model results. The reliability of the altimetry products in the area was tested by Hsin et al. [2010] , who demonstrated that the altimeter-based geostrophic velocities were comparable to shipboard ADCP velocity composites in the region, but with a weaker magnitude [Hsin et al., 2010, Figure 1] . We also compared the altimeter-based velocities with velocities from two subsurface moorings deployed off southwest Taiwan . During the deployed period between August 2000 and August 2001, the geostrophic velocity was generally weaker than that measured by mooring ADCPs, but the velocity tendencies were in close agreement (figures not shown). Figures 3a and 3b show the altimeter-based geostrophic velocity in summer and winter, respectively. These seasonal flow patterns are quite similar to those drawn from model simulations (Figures 2b and 2c ). This is particularly true around the Luzon Strait, including the intrusion position and pathway of the Kuroshio. The Kuroshio flows northward in a relatively straight path from east of Luzon to east of Taiwan in summer, where the intrusion is confined within the Luzon Strait (Figure 3a) . The encroachment in winter extends to west of 117 E in Figure 3b . The altimetry product also shows a weaker velocity than the model simulation. The magnitude of the model velocity is closer to that measured by both mooring and shipboard ADCPs than is the altimeter-based geostrophic velocity.
Model Experiments
[10] Although most existing observations show that the Kuroshio encroaches on the Luzon Strait, on some occasions, the intruded water can penetrate into the SCS. Here we focus only on the "stronger and/or larger" westward intrusion, which can significantly impact northern SCS circulation as well as the heat and salt balances of the western Pacific marginal seas. Combining the present model outputs with AVISO geostrophic velocity maps (Figures 2 and 3) , we found that the longitude of 120 E could serve as an appropriate index for the definition of the westward Kuroshio intrusion. Along the $120 E vertical section, an intensified westward velocity core was found at $20.7 N in December as expected, although it was significantly weakened in June (figure not shown).
[11] We conducted two experiments to gain an understanding of the relative importance of winds inside and outside the SCS to the Kuroshio intrusion. In Experiment 1 (EX1), we set the winds to zero west of the yellow line (see Figure 4a ) so that they existed only east of the Luzon Strait (east of $122 E). We chose the yellow line rather than a straight line (e.g., along 120.75 E) across the Luzon Strait. Bursts of artificial wind stress curls appeared when we selected the straight line. The artificial wind stress curls further induced artificial flow in the vicinity of the selected section. The artificial wind stress curls mostly vanished when we chose the yellow line, which is along the island chain of the Luzon Strait. The island chain can be regarded as a "natural" boundary in this study, including Lan-Yu Island, Batan Islands, and Babuyan Islands shown in Figure 1 . In Experiment 2 (EX2), we allowed winds only inside the SCS (zero east of the yellow line). During summertime, the flow patterns in the two experiments were similar. The Kuroshio tended to bypass the Luzon Strait, and was confined east of 120 E, without westward intrusion into the SCS (figures not shown). However, a distinct winter pattern was apparent between the two experiments. Figure 4 shows a monthly mean flow pattern in winter for EX1 and EX2. No westward intrusion into the SCS was found in EX1 (Figure 4a ), whereas in EX2, the westward intrusion was evident (Figure 4b ). The winter intrusion pattern of EX2 was similar to that in the control run (CTL), indicating that EX2 produces a more realistic flow pattern than does EX1. These two experiments demonstrate that wind inside the SCS is relatively important for the Kuroshio intrusion into the SCS.
[12] Further evidence has been seen in the modeled zonal velocity (U) of the western Kuroshio edge and the depth-averaged kinetic energy (KE = R z¼0 z¼À200 Figure 4a represents the boundary dividing the wind field into east and west. Blue and purple frames in Figure 4b are the areas for calculating the zonal velocity and kinetic energy anomaly in Figure 5 , respectively. (Figures 5a and 5b ). Blue and purple frames in Figure 4b show the areas for calculating the zonal velocity and KE anomaly, respectively. Both the U and KE anomaly of CTL reveal obvious intraseasonal and seasonal variations, demonstrating that the Kuroshio intrusion contains seasonal and intraseasonal variability. Furthermore, the time series of U and KE anomalies simulated in EX2 are nearly in phase with those in CTL for most of the period. However, the time series of both the U and KE anomalies simulated by EX1 are unrelated to those simulated by CTL. On seasonal time scales, U is large and negative (toward the west) in winter when KE anomalies are positive (enhanced). A similar tendency is also present on intraseasonal timescales. The correlation coefficient (R) between U and KE anomaly is À0.67. The results confirm that the Kuroshio intrusion often occurs during wintertime and demonstrate that the upstream Kuroshio intensity is related to the intrusion.
[13] The monsoonal variability appears to be responsible for the upstream Kuroshio intensity. The northeast wind prevails during wintertime and is favorable for the Kuroshio intrusion. Figure 6a illustrates the mean wintertime wind field derived from the QuikSCAT/NCEP blended wind product, averaged over November-January during the 9-year period from 2000 to 2008. The magnitude of wintertime wind stress was about 0.2 Nm À2 toward the southwest, with a standard deviation of about 0.1 Nm À2 . One notable feature is the large negative wind stress curl off southwest Taiwan (about À1.6 Â 10 À6 Nm
À3
). We decided to leave the influence of the wind stress curl to later model experiments, and we set up a constant wintertime wind stress (À0.2 Nm À2 ) without curl (Figure 6b ) to investigate the influence of the wind stress on the Kuroshio intrusion alone. The simplified artificial wind field is homogeneous over the entire model domain. We then design experiments W3, W2, and W1 with constant wind stress of À0.3, À0.2, and À0.1 Nm À2 , respectively, to explore the wind-intensity effect. As expected, the larger Kuroshio intrusion is associated with greater wind stress (Figures 7a-7c) . The KE of the upstream Kuroshio in the Luzon Strait also becomes larger as the wind strengthens. The northwestward Ekman drift due to the northeasterly wind in winter enhances the upstream Kuroshio in the Luzon Strait, enriching the Kuroshio intrusion into the SCS. Additionally, a stronger wind also forms a strong anticyclonic eddy centered at 19 N and 119 E inside the SCS. This anticyclonic eddy does not contribute much to the major Kuroshio intrusion in the Balintang Channel. Furthermore, winds with magnitude 0.2 Nm À2 are regarded as a typical winter monsoon. Even so, Figure 7b shows no visual westward intrusion (into the SCS) in winter, implying that normal wintertime wind stress alone is not sufficient to make the Kuroshio invade the SCS.
[14] Does the wind stress curl also play a role in triggering the intrusion? There are usually two wind stress curls with opposite signs around the Luzon Strait during wintertime (e.g., Figure 6a ). Figure 6a shows a positive wind stress curl off northwest Luzon and a negative wind stress curl off southwest Taiwan. The northeast monsoon shielded by the Luzon Island often generates a positive curl off northwest Luzon, whereas another negative curl off southwest Taiwan is due to the wind shielded by the island of Taiwan. The fact that the southern curl (off northwest Luzon) or the northern curl (off southwest Taiwan) or both may favor the Kuroshio intrusion deserves further exploration. Liang et al. [2008] suggested the southern wind stress curl would generate a low sea-surface height west Surface current is averaged from 0 to 50 m, and only current speed larger than 0.05 ms À1 is plotted. Gray shading denotes the westward velocity larger than 0.05 ms À1 .
of the Luzon Island, producing a meridional pressure gradient across the Luzon Strait farther south and thus triggering the Kuroshio intrusion into the SCS. Nevertheless, our study reaches a different conclusion.
[15] Figure 8 shows time series of wind stress (rotated 45 ), based on data from satellite-borne instruments, together with wind stress curl off southwest Taiwan and northwest Luzon (denoted as WSC N and WSC S hereafter). The domain of WSC S (119 E$120.7 E and 18.5 N$19 N) follows Liang et al. [2008] , who suggested that variation in the Kuroshio intrusion is mainly caused by the wind stress curl variability off northwest Luzon. We adopted 6-hourly maps of 10-m wind component, derived from the QuikSCAT/NCEP blended wind product. The wind stress in the vicinity of Luzon Strait (117 E$123 E, 17 N$23 N) is closely correlated with WSC N (R = 0.80), but not with WSC S (R = À0.37). The KE (as defined above) is also closely related to WSC N (R = À0.75), but a low correlation exists between the WSC S and KE (R = 0.31). This suggests that the wind stress favors a negative WSC N , whereas the northern curl plays a major role in triggering the Kuroshio intrusion into the SCS.
[16] Experiment W2 was set up with a spatially homogeneous speed of 0.2 Nm À2 from the northeast with no wind stress curl (as shown in Figure 6b) . The model simulation in Figure 7b shows that the Kuroshio intrusion was confined within the Luzon Strait east of 120 E, and most of the Kuroshio waters returned to the east, flowing northward along eastern Taiwan. This winter flow pattern differed from that of CTL in Figure 2c , which shows that the Kuroshio made a significant westward encroachment, penetrating into the SCS and extending to 117 E. The only difference in model design between experiments W2 and CTL is the driving wind-forcing. Both of them maintained similar wind intensity on average (about À0.2 Nm À2 in winter), but with homogeneous and realistic wind fields, respectively. The results indicate that wind stress curl plays a critical role. Therefore, additional experiments were performed to further demonstrate the contribution of the wind stress curl off southwest Taiwan (WSC N ).
[17] Experiment C1 added additional wind stress curl off southwest Taiwan, with a typical winter value of À1.6 Â 10 À6 Nm À3 , to the constant wind field. The artificial wind field, including spatially homogeneous wind stress of À0.2 Nm À2 and the wind stress curl off southwest Taiwan (WSC N ), is shown in Figure 6c . Figure 9a shows the simulation, where the Kuroshio not only intrudes into the Luzon Strait but also penetrates westward into the SCS. This Kuroshio behavior is closer to that in CTL (Figure 2c ) than seen in experiment W2 (Figure 7b) . The model experiment confirmed that the wind stress curl (WSC N ) is essential to trigger Kuroshio intrusion into the SCS. Experiment C2 doubles the value of WSC N to À3.2 Â 10 À6 Nm À3 . The intense WSC N drive more Kuroshio water into the SCS (Figure 9b) . A negative WSC N raises sea level locally. Based on geostrophy, the flow moves around the raised sea level dome along its southern flank, further triggering Kuroshio intrusion.
Discussion
[18] In addition to the spatial distribution of the intrusion, the temporal variability between WSC N and the Kuroshio intrusion is compared in Figure 10 . The WSC N between 119.5 E$121 E and 20.75 N$22 N (see Figure 8a ) was calculated from QuikSCAT/NCEP blended wind fields. The curl varied both seasonally and intraseasonally. In general, in winter (December-February), the curl was large and negative, whereas it was smaller or even had a positive value in summer. The KE of the Kuroshio intrusion is superimposed in Figure 10 (KE KI , black curve). The KE KI was calculated between 120 E$122 E and 20 N$20.5 N (see Figure 8a ), which roughly coincides with the Balintang Channel, where the largest westward Kuroshio intrusion occurs [e.g., Liang et al., 2003; Centurioni et al., 2004] . The two time series were consistent, with a correlation coefficient of À0.75, which is higher than the 99% significance level. However, the KE KI was not related to the WSC S (figure not shown . The enhanced anticyclonic circulation in turn helped the development of the Kuroshio intrusion. The Kuroshio intruded westward into the SCS. The intruded current could probably be regarded as the southern flank of the anticyclonic loop current. However, although the WSC N weakened in January 2001, the intruded current was prohibited by a weak cyclonic eddy. As the WSC N was enhanced again in February 2001, the intruded current was strengthened by the large vorticity from the curl. The close consistency between the WSC N and the observed velocity field (and/or the model's intruded kinetic energy) suggests that the curl off southwest Taiwan was a major factor in triggering intraseasonal variation in the Kuroshio intrusion.
Concluding Remarks
[20] We used an observation-validated, three-dimensional model to study the forcing mechanism leading to the Kuroshio intrusion into the SCS. The model simulation reproduced the seasonal patterns of the Kuroshio intrusion. The Kuroshio intrusion wanes in summer, and the intrusion is mainly confined within a well-rounded Kuroshio meander. During winter the water intrudes farther into the SCS, extending to 117 E. The concurrent altimeter-based geostrophic velocities lend support to the present model. By careful design of model experiments, we demonstrated that wind inside the SCS is relatively important for the Kuroshio intrusion.
[21] The upstream Kuroshio intensity in the Luzon Strait is related to the intrusion. An intense winter monsoon reinforces the upstream Kuroshio, enhancing the Kuroshio intrusion into the SCS. The wind stress curl off southwest Taiwan (WSC N ) also has a significant impact on the Kuroshio intrusion. The wind stress curl off northwest Luzon (WSC S ) may help, but it is not chiefly responsible for generating the intrusion. The Kuroshio intrusion has both seasonal and intraseasonal variations. The variations are consistent with the variability of wind stress curl off southwest Taiwan, further indicating that WSC N is the dominant forcing. As the local negative wind stress curl strengthens, the region tends to form an anticyclonic circulation, acquiring vorticity from the wind curl. The enhanced anticyclonic circulation then facilitates the westward intrusion of the Kuroshio.
[22] This study was focused on identifying the windrelated forcing regulating the Kuroshio intrusion. However, several other mechanisms may also contribute. For example, the degree of Kuroshio intrusion could be a function of the upstream state of the Kuroshio. Westward-propagating eddies from the Pacific may have impacts on the Kuroshio in the Luzon Strait, causing intrusion variability [e.g., Sheu et al., 2010] . Sea-surface height differences between the western Pacific and the SCS have an important effect on the upper-layer transport through the Luzon Strait [Song, 2006] . Baroclinic instability of the Kuroshio front in the Luzon Strait may also affect intrusion behavior. Including the windrelated forcing, all of these mechanisms may be inter-related, with changes in one affecting the others. These complicated features deserve to be further explored and will be studied in the near future.
